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Abstract: Multifunctional landscapes are complex systems that integrate biophysical, cultural-historical and
socio-economic components into unique territorial structures and regional ensembles. Facing increasing
pressures generated by urbanization, climate change and overexploitation of natural resources, assessing the
sustainability of these landscapes has become an urgent priority. The present research is based on the
development and parametrization of a new tool for evaluating the sustainability of multifunctional landscapes
that aims to measure the level of biocultural resilience of a landscape, integrating biological, cultural and socio-
economic indicators in a single analytical framework. This index, called the biocultural resilience index (BRI),
provides a holistic perspective on the dynamics of landscapes, allowing the identification of vulnerability areas
and the development of conservation and sustainable management strategies. The evaluation of the of
multifunctional landscapes sustainability requires a comprehensive approach that has to integrate both
biological aspects, such as biodiversity and ecosystem health, as well as identity and cultural aspects, such as
cultural value and the relationship of the local communities with the environment. In this context, this study
highlights the fact that the development of appropriate tools and methods for assessing and monitoring the
sustainability of multifunctional landscapes becomes essential for their sustainable management and for
protecting the benefits they offer to society. Our findings show that the biocultural resilience index (BRI) can
be used in a variety of contexts and fields, including spatial planning, biodiversity conservation, sustainable
rural development and ecotourism. In the meanwhile, this index offers a robust and flexible analytical
framework, adaptable to the needs and particularities of different regions and communities.

Keywords: multifunctional landscapes; sustainability; GIS; biocultural resilience index (BRI); Apuseni Natural
Park; NDVTI; satellite images

1. Introduction

In an era where the delicate balance between human activity and natural ecosystems is
increasingly under threat, this groundbreaking research introduces a pioneering tool designed to
revolutionize the way we evaluate and preserve the complex interplay between biodiversity and
cultural diversity across the globe's invaluable landscapes. The Biocultural Resilience Index (BRI)
stands as a pivotal innovation, offering a holistic, integrative tool that assesses the sustainability of
multifunctional landscapes by balancing ecological, economic, and cultural dimensions, thereby
guiding informed decision-making, enhancing resilience to environmental and socio-economic
changes, and promoting the co-protection of biodiversity and cultural heritage.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The sustainability of territorial systems is a complex and interconnected global challenge [1],
influenced by factors such as climate change, land use, urbanization and the degradation of natural
and semi-natural ecosystems [2,3,4].

Forests cover approximately 31% of the land surface and are an important component of the
natural environment [5,6,7], providing essential ecosystem services by reducing carbon emissions
and by facilitating the preservation of biodiversity [8,9,10].

Forests have multiple functions: social, environmental and economic [11], adapted to the various
needs of human society [5,12]. Besides, forest systems play an important role in improving the
livelihoods of many communities around the world [13].

Landscapes are an intensive analyzed component from the perspective of natural and cultural
aspects [14,15], being directly influenced by the anthropic factor, which imprints a series of changes
depending on the activities carried out [16,17,18]. Furthermore, the landscape represents the level at
which human-nature interactions are most significantly reflected, a fact highlighted in its structure
and configuration [19,20]. This is the reason why landscape is considered a field of major interest in
terms of study and applicability of the concept of sustainability [19,21-24]. Multifunctional
landscapes are the result of the trade-offs between the multiple ecological, economic and/or social
functions of landscapes determined by human-nature interactions [25,26,27]. These landscapes
provide natural and cultural resources, habitat for biodiversity [28] and vital spaces for recreation,
tourism and social connectivity. Sustainable multifunctional landscapes are landscapes created and
managed to integrate human production and landscape use in order to preserve basic ecosystem
functions [29] and biodiversity [30,31].

Degradation of forest surfaces is a major problem in the developing world [32,33,34]. In
contemporary society, forests face several threats, including: deforestation [34], climate change [35],
high susceptibility to natural pests [36,37], unsustainable management [38,39] and vulnerability to
extreme weather episodes [5]. Deforestation is a growing phenomenon in recent decades [34,40,41].
Globally, it is estimated that approximately 420 million ha have disappeared because of deforestation
between 1990 and 2020 [42]. In the meanwhile, the reduction of forest surfaces through deforestation
has a major impact on both environmental and socio-economic factors [41,43-46], as well as on
inhabited areas, having direct effects on the development of local communities and economies [47].
One of the main risks associated with deforestation faced by developed countries is the intensification
of climate change effects [32,48-51]. The removal of forest cover has consequences on the changes of
the local microclimate [45], through processes such as increased solar exposure of surfaces, higher
temperatures (both at ground and air level) and wind intensification [52]. Reduced vegetation cover
also means a lower rate of evapotranspiration that leads to higher air temperature [45,53,54].
Moreover, deforestation accentuates soil degradation [55,56], resulting in the intensification of
erosion processes [44,57], aquifer depletion [44,58] and changes both the structure and functionality
of local ecosystems and the landscape identity of a region [59,60].

In this context, the assessment of forested areas is a necessary step towards effective
management of forest resources [8,61]. Remote sensing is a useful tool in monitoring changes [62],
having a high accuracy in their quantitative and spatial analysis [62,63]. The availability of Landsat
satellite images represents an opportunity for estimating the dynamics of forest surfaces [64-67]. They
are considered one of the most popular tools used for highlighting the changes of forest canopy
[68,69,70], a fact also highlighted by the low costs of assessing these changes [44]. Based on satellite
images, several vegetation indices have been developed, which are widely used to highlight the
changes in land use/cover [71,72] and to emphasize the structural-functional transformations of the
landscapes [73,74,75]. Among them, The Normalized Difference Vegetation Index (NDVI) has a high
practical applicability, due to the fast calculation, high sensitivity to the detection of vegetation [72]
and the close relationship with variables of ecological interest [76,77], providing useful information
for the analysis of landscape structure and temporal changes [75,78].

Biocultural diversity represents a major component of social-ecological systems and a key
resource for adapting to changes and their future development, having a very important role in
increasing the resilience of systems [79,80,81]. In this context, the concept of 'resilience' has many
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definitions in various fields, such as ecology, engineering, development, geography, economics,
psychology and health [82-85]. In the field of social-ecological systems, resilience broadly describes
the ability to adapt to disturbances, disruptions, uncertainties, vulnerabilities and risks, while
remaining within the thresholds that provide the system's functionality [84,86,87] and strengthening
the necessary processes for the establishment of multifunctional adaptive structures [88]. Moreover,
the concept of resilience, from the perspective of the study of social-ecological systems, refers to the
achievement of objectives related to the ability to adapt, learn and innovate [84,89].

Assessing the resilience of a territorial system from the perspective of social and ecological
factors is a challenge because the spatial organization processes and ecological factors cannot be
estimated as individual factors but must be particularized depending on the context [90,91]. The
development of relevant indicators for assessment of resilience from the perspective of biocultural
approach is based both on the analysis of the territory’s biodiversity and ecosystem services, as well
as on the management of specific human practices and local cultural background reflected in the
productive landscape of the community [85,92,93,94].

According to the International Union for Conservation of Nature (IUCN), protected areas are
defined as areas of ”land and/or sea especially dedicated to the protection and maintenance of
biological diversity, and of natural and associated cultural resources, and managed through legal or
other effective means” [95] (IUCN, 1994, p. 7). The sustainable development of a protected area is
dependent on the social, economic and cultural context [96]. The protected areas play an essential
role in preserving biodiversity and the integrity of natural habitats, their conservation being essential
in the contemporary society [97-100]. In addition, protected areas are a key tool in ensuring the
development of sustainable activities [101,102], their effective management being of crucial
importance in order to provide the long-term development of environmental systems [39,103,104]. In
the absence of an effective management, there is the risk of establishment of disturbances that
endanger the resilience of the system in question, such as the expansion of natural pests (e.g. the bark
beetle — Trypodendron lineatum/lps typographus) that can strongly affect the balance of forest
ecosystems [37,56,105].

Considering the complexity and multitude of contemporary environmental problems, such as
climate change, the degradation of natural habitats, the vulnerability of inhabited territories and the
dynamics of social-ecological systems intensification, this research aims to answer three main
questions:

RQ1. How can the sustainability of multifunctional landscapes from protected areas be
quantified by analyzing the elements that have functions in detecting the conflicts reflected in the
social-ecological systems?

RQ2. To what extent can the proposed analysis provide a comprehensive and integrated
perspective on the sustainability of landscapes through monitoring the biocultural resilience?

RQ3. What are the potential practical applications of the results obtained from the evaluations
performed by the biocultural resilience index (BRI) for the planning and management of
multifunctional landscapes?

The purpose of the present research is to investigate the role and relevance of the development
of an appropriate tool in order to assess the sustainability of multifunctional landscapes in protected
areas, which integrates quantifiable variables through GIS techniques and remote sensing. In this
regard, we aim to identify the current challenges and limits associated with the implementation of
the biocultural resilience index (BRI) for the assessment of the sustainability of multifunctional
landscapes. Besides, we want to identify solutions and directions for the future development of this
new analysis tool that integrates biological and cultural aspects, thus reflecting the complexity and
interconnections between the natural and the socio-cultural environment. In this way, the biocultural
resilience index (BRI) is a useful tool that integrates the evaluation of ecological resilience and cultural
and social aspects to highlight the sustainability of multifunctional landscapes. At the same time, the
BRI fills the existent gaps in traditional approaches, which focus exclusively on the ecological aspects
of resilience and underestimate the role and value of cultural and social aspects for the management
of landscape sustainability.
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In this context, the use of BRI allows a comprehensive assessment of the resilience of landscapes,
which is understood as their ability to respond to different types of disturbances or changes and to
maintain their essential functions and ecosystem services over time, without damaging biodiversity.

By integrating a set of biophysical parameters (such as ecosystem health, landscape metrics,
geomorphometry of the territory, biodiversity etc.) with socio-cultural parameters (landscape value,
land cover/use, cultural traditions and practices etc.) there can be obtained a more comprehensive
understanding of the complex interactions between the natural environment and society.

This holistic approach allows a more precise identification and assessment of the impact of
human activities on ecosystems and on how they influence the life quality of local communities in
the space of interference between protected areas and productive landscapes. The integration of
socio-cultural parameters in ecological analyses may contribute to the definition of environmental
conservation policies and strategies that take into account human needs and values. This integration
promotes a more sustainable development and efficient management of natural resources, and
implicitly a comprehensive perspective on the sustainability of multifunctional landscapes.

2. Materials and Methods
2.1. Study Area

The Apuseni National Park, located in the central-western part of the Western Carpathians, is
one of the most important protected areas of national interest in the mountainous area of Romania,
being included in category V IUCN. With a total area of approximately 76 055 ha (Figure 1), it includes
parts of Alba, Bihor and Cluj counties and partially or fully overlaps 16 territorial-administrative
units (LAU 2), respectively 15 communes and a town.
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Figure 1. Geographical position of the study area.

The Apuseni Natural Park stands out for its multifunctional landscapes of great values, some of
which are rare or unique in the region. Moreover, it is distinguished by the wealth of bio- and
geodiversity, being characterized by numerous geomorphosites, such as ice caves (Scdrisoara Ice
Cave is unique in South-Eastern Europe), avens, gorges, sinkholes, dry valleys, karstic intermittent
springs. In addition, the park is home to a variety of traditional agricultural practices and
architectural buildings specific to rural settlements in the Carpathian mountain area.
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The internal zoning of the Apuseni National Park includes two categories: buffer zones and
special conservation zones. The latter include the most valuable elements of the natural heritage and
have an area of approximately 14 000 ha of the total. The predominant vegetation consists in forests,
accounting for 74% of the total surface of the study area. Coniferous forests dominate the landscape,
with spruce (Picea abies) being the most widespread species. On isolated areas there are other
coniferous species, such as fir (Abies alba), larch (Larix decidua) and pine (Pinus sylvestris). Furthermore,
deciduous forests are present at lower altitudes, in which beech (Fagus sylvatica) predominates, along
with species such as hornbeam (Carpinus betulus), maple (Acer pseudoplatanus), birch (Betula verrucosa)
and mountain ash (Sorbus aucuparia).

The main economic activities within the study area include the exploitation of forest resources
and wood processing, which involve the production of wooden vessel, timber, wooden building
materials and furniture, among others. These activities are traditional and take place in most of the
settlements in the Apuseni Natural Park. In addition to this, agriculture, especially animal husbandry,
and tourism are two other important activities from the study area.

2.2. Data acquisition and processing

We used several data sets for this research, grouped into two main categories: remote sensing
data and data used in GIS analysis.

Remote sensing data provide a wide range of information, including vegetation distribution,
biophysical characteristics of the vegetation cover (such as biomass, leaf area index etc.), the stage of
plant grown at a given time and changes in vegetation health etc. The Normalized Difference
Vegetation Index (NDVI) is one of the most widely used vegetation indices, being developed to
analyze vegetation cover and to monitor changes over time, both at regional and local scale.

The equation of NDVI was developed and used for the first time by Rouse et. al. (1974) [106] and
is based on the absorption and reflection of electromagnetic radiation by vegetation. Plants, thanks
to chlorophyll, strongly absorb visible radiation (materialized in the red band) and reflect radiation
in the near-infrared region.

The general formula for calculating NDVI is:

NDVI = (NIR - RED) / (NIR + RED),

where:

NIR — Near-Infrared;

RED —Red band.

NDVI ranges between -1 and +1, with a high value indicating healthier or denser vegetation,
while a value close to or below zero typically indicates areas covered by water, clouds, snow and
other areas lacking vegetation. The satellite images required for the analysis (Table 1), belong to the
Landsat 2, 5 and 8 missions. These images were downloaded from the US Geological Survey
(https://earthexplorer.usgs.gov). For a better identification of the vegetation, all images were selected
from the months of August-September.

Table 1. Satellite images used for the analysis.

Date Mission ID Sensor Orbit (path/row)
08.08.1980 Landsat 2 MSS 200/27
07.09.1997 Landsat 5 ™ 185/28
17.08.2007 Landsat 5 ™ 185/28
14.08.2023 Landsat 8 OLI_TIRS 185/28

The data used in GIS analysis were provided from various sources. Their integration and
processing primarily took into account the aspects related to their relevance for the present research,
the veracity of the results obtained and the accuracy of the definition of the qualitative variables of
the monitoring parameters. Thus, the assessment of the forest cover dynamics in the study area was
based on the processing of data from Global Forest Watch (GFW) for the period 2001-2022. The data
resulting from the calculation of the value of the indicators used for the analysis of the state of the
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natural landscape and biodiversity were obtained by simple operations using ArcGIS 10.8.1 software,
such as the spatialization of the absolute values using the Inverse Distance Weighting (IDW)
interpolator and Euclidean Distance function.

The geographical information necessary for evaluating the architectural heritage and local
community encompasses key indicators that influence the sustainability of the landscape within the
protected region of the mountain area under study, specifically: the density of built heritage, building
density, number of resident population and the settlement dispersion index (Demangeon variant).
Data geoprocessing was performed by using GIS tools (IDW, Kernel Density).

The indicators used for the analysis of land cover/use and spatial accessibility were based on
data series that allowed diachronic analyses, in order to explore the impact produced on traditional
agricultural practices and ecosystems. In this context, pertinent data and information were extracted,
focusing on the organizational methods and the means of valuing the geographical space, along with
the impact on the landscape, as unique classifications grounded in the synthesis of territorial-identity
relationships.

The integration of specific indicators of landscape metrics in the analysis carried out for the
assessment of multifunctional landscapes sustainability is justified both from the point of view of
highlighting the level of connectivity between different plots, and for assessing the degree of
fragmentation of the forest landscape, which is an indicator of maximum relevance for the study area.
The data required for the analysis were obtained through GIS techniques, using the Patch Analyst 5.2
and Patch Grid 5.1. extensions, as well as the FRAGSTAT Helper program for ArcGIS 10.8.1.

The present research also involved the use of other analytical techniques and procedures
performed through GIS, which ensured the step-by-step process of the entire approach regarding the
creation, structuring and processing of the database used in the analysis. Thus, the acquisition and
correct processing of data was based on several operations, such as: indexing, specific
parametrization, cross-queries of data and structuring of the indicators used in the spatial analysis.
Moreover, it was also necessary to check the integrity and coherence of the data series, along with the
multiscalar correlation of the spatial data sets, the application of calculation algorithms through
spatial analysis equations, thematic editing and the cartographic representation of the used
indicators.

2.3. Analysis methods and techniques

The resilience of territorial systems can be analyzed from multiple perspectives, including
ecological, social and developmental [7]. In the present study, a holistic approach to this concept was
carried out, integrating a series of parameterized variables, which target both natural and
anthropogenic factors relevant for the present research.

The assessment of forest surfaces dynamics in the Apuseni Natural Park was performed by
calculating The Normalized Difference Vegetation Index, derived from satellite images processing
using open-source data available on the United States Geological Survey (USGS), for an extended
analysis interval (43 years), between 1980-2023 (Figure 2).
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Figure 2. Normalized Difference Vegetation Index (NDVI): 1980, 1997, 2007 and 2023.

For the calculation of NDVI index and data processing we used the ArcGIS 10.8.1 software. The
data was reprojected into the official projection system of Romania (Stereo 1970, EPSG: 3844). After
calculating the NDVI index, we performed a classification of the values to highlight the different
classes of vegetation density.

NDVI threshold values were used to delineate land use/cover categories, resulting in five classes:
water/clouds, barren land, sparse vegetation, moderate vegetation and dense vegetation. Basically,
negative NDVI values indicate areas with water, artificial structures, rocks or clouds. Barren land
usually has values that range between 0.15-0.2, while plants have positive values, between 0.2 and 1.
The values of healthy, dense vegetation are above 0.5, while the sparse vegetation has values that
range between 0.2-0.5. Generally, NDVI values are between 0.2 and 0.4 for areas with sparse
vegetation and from 0.4 to 0.6 for moderate vegetation, while the values above 0.6 indicate the highest
density [107,108]. It is important to mention that the interpretation of NDVI values may vary
depending on factors such as vegetation type, climate, seasonality etc.

In order to understand and evaluate the biocultural resilience of multifunctional landscapes, a
more elaborated approach is required, which integrates the essential aspects associated with the state
of the habitats, their functionality, spatial extension, fragmentation, connectivity, evolution of land
cover/use, exploitation of resources, biodiversity conservation, landscape protection and ecosystemic
services [109,110]. This approach has to be more sensitive to the specific context of the regional
insertion environment. In this regard, we used a formula that includes more interactions between
systemic variables and reflects the complexity and multifunctionality of the landscape as best as
possible:

n
BRI =" (K;-V)),
i=1

where:
n — total number of variables included in the analysis;
Ki — weight of the i variable;
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Vi — normalized values of i variable.

The formula used can be adapted and extended depending on the peculiarities and on how the
variables and their interactions are evaluated. Thus, the use of product and sum in the spatial
equation represents an essential tool for highlighting and interpreting the complexity of spatial
relationships and the dynamics of associated processes. Such an approach allows the integrated
assessment of how they interact multiplicatively, suggesting that their impact on the final result may
be more than the simple addition of terms.

In order to evaluate the sustainability of multifunctional landscapes, we used a number of 18
analysis indicators (Table 2), which were grouped into 4 relatively homogeneous structural
categories, depending on their relevance in the assessment of sustainability. The grouping allowed a
better covering of the ecological, social, cultural and spatial aspects. This provided a better
understanding of the dynamics of the analyzed territorial system, aspects that are relevant for the
assessment of the sustainability of landscapes through the biocultural resilience index (BRI).

Table 2. Spatial analysis indicators and the calculated absolute values .

Standar
Indicator Minimu 2 3 4 Maximu Mean d .
m m Deviatio
n
A. Natural landscape
and biodiversity (NI1-B)
al. Density of natural - 04 06 079 099 055  0.14
monuments
a2. Euclidean distance
to the special 0.01 2117 5.988 11.465 18.622 3.241 4.242
conservation area
a3. Normalized
difference vegetation -0.87 -0.35 0.01 0.12 0.55 0.05 0.12
index NDVI (2023)
ad. Forest landscape 9.9 2635 5142 7317 9233 34 a1
integrity index 9
B. Built heritage and
local community (Bh-
Lc)
b1. Density of built 0.20 030 038 047 059 037 007
heritage
b2. Building density 146180 502496 1224264 2329757. 67597
.01 165124.
(Kernel) 00 .8 .6 .5 2 1 65124.6
b3. Density of 1.0 573 8932 1279 1799 896  3.90
settlement network
b4. Number of resident g 1008 1499 2307 4090 8L 79374
population (2021) 1
b3. Settlement 0.01 234 429 794 1660 597 460
dispersion index
C. Land cover/use and
spatial accessibility
(LCLU-Sa)
cl. Land cover/use 0.59 2.09 6.28 8.68 12.27 6.25 3.27
2. Slope 0.01 20.52  41.04 6156 82.08 39.95 15.60
3. Spatial accessibility ~ 0.01 2.03 4.07 6.10 8.14 1.36 1.16
ch Altitude ofthebuilt ), 3 (o35 os86 11774 16662 ¥ 24081

environment 9
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c5. Forest Cover Loss

(2001-2022) 0.01 3.0 9.0 15.0 22.0 122 3.89
D. Landscape metrics
(Lm)

: 148.5
d1. Shape index (SI) 1.66 9544 14812 197.65  270.35 8 51.79
d2. Forest landscape
fragmentation 199.44 710.69 ;221'9 2116.64 4273.50 325'8 531.91
(FRAGSTATS Helper)
d3. Plots connectivity 0.01 4.0 8.0 11.0 15.0 11.99  3.10
g;raml dimension 4 110 114 128 167 112 003

The diversity of the absolute values of the analyzed spatial indicators required the normalization
procedure. The method that was used in the GIS environment targeted the normalization of each
raster in the range between 0 - 1, using the "Rescale by Function" tool from the Spatial Analyst toolbox
(Figure 3).

Figure 3. The reclassified rasters of the spatial analysis indicators (A-D): al - density of natural
monuments; a2 - Euclidean distance to the special conservation area; a3 - normalized difference
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vegetation index (NDVI); a4 - forest landscape integrity index; bl - density of built heritage; b2 -
building density (Kernel); b3 - density of settlement network; b4 - number of resident population; b5
- settlement dispersion index; cl - land cover/use; c2 - slope; 3 - spatial accessibility; c4 - altitude of
the built environment; ¢5 - Forest Cover Loss (2001-2022); d1 - shape index; d2 - forest landscape
fragmentation (FRAGSTATS Helper); d3 - plots connectivity; d4 - fractal dimension.

For the calculation of the aggregate index, it was necessary to assign corresponding weights to
each calculated spatial indicator, since not all criteria had an equal contribution in this analysis. The
differentiation of the weighted values was performed by the AHP method (Analytic Hierarchy
Process), using the tool developed by Goepel (2018) [111].

The formula used to calculate the aggregate index combines the values of the 18 reclassified
raster layers, using the appropriate weights assigned to each spatial analysis indicator:

BRI = ("raster_al" * 0.1) + ("raster_a2" * 0.05) + ("raster_a3" * 0.02) + ("raster_a4" * 0.08) +
("raster_b1" * 0.1) + ("raster_b2" * 0.08) + ("raster_b3" * 0.1) + ("raster_b4" * 0.01) + ("raster_b5" * 0.04) +
("raster_c1" * 0.01) + ("raster_c2" * 0.01) + ("raster_c3" * 0.03) + ("raster_c4" * 0.08) + ("raster_c5" * 0.06)
+ ("raster_d1" * 0.05) + ("raster_d2" * 0.08) + ("raster_d3" * 0.05) + ("raster_d4" * 0.05),

where:

"raster_al", "raster_a2", etc. - raster datasets that contain the values for each indicator

0.1 - weight of the value of the indicator “al”.

This procedure was performed by ArcGIS 10.8.1 software, using the Raster Calculator tool,
Spatial Analyst Tools, Map Algebra submenu. The final result is a raster image of the study area,
which was later classified according to the values obtained by the Natural Breaks (Jenks) method into
5 classes differentiating the degree of biocultural resilience, with the extreme ranges being very low
(43.0) and very high (79.0).

3. Results
3.1. Land Cover/Land Use Changes (LCLUC)

Land cover/use is a crucial factor in changes to biodiversity, representing a synthesis of human
activities carried out in the space of interference between social end ecological processes. The
transformations in land use reflect in the landscape the changes in the economic and demographic
structure [112], as well as the complexity of the interactions between the physical and the social-
cultural environment, as responses to the diachronic succession of the different stages of
development.

The analysis of the dynamics of land use in the Apuseni Natural Park was performed by
comparing the information provided by the CORINE Land Cover databases from 1990 and 2018
(Figure 4).

Figure 4. Land use/cover in Apuseni Natural Park: a) 1990; b) 2018.

The purpose of this approach is to highlight the changes both from the perspective of the spatial
distribution of the land use categories, as well as from their percentage distribution. There were
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identified 12 types of land use/cover categories in 1990, respectively 16 in 2018, due to the
establishment of the following categories: fruit trees and berry plantations, watercourses, mineral
extraction sites and non-irrigated arable land.

Overall, it is noted that the percentage of most of the land use categories is similar for both
analyzed periods and the natural surfaces are the ones predominating, covering more than 90%. The
main differences can be identified from the perspective of their spatial distribution. Forests occupy
the largest area at both times, of approximately 74% (73.58% in 1990; 74.22% in 2018), with the
predominance of the coniferous ones (44.13 in 1990; 44.87 in 2018), followed by the broad-leaves
forests (16.81% in 1990; 16.75 in 2018) and mixed ones (12.64 in 1990; 12.6 in 2018). There are slight
changes in the rest of the categories, especially regarding pastures, agricultural land and natural
vegetation, complex cultivation patterns and natural grassland. Thus, the pastures registered a
significant decrease in the mentioned interval, from 8.79% in 1990, to 1,1% in 2018, on the background
of the limitation of grazing activities in the special conservation areas within the Apuseni National
Park, according to MO 552/26.08.2003. Moreover, the distribution of complex cultivation patterns
decreased from 5.88% in 1990, to 0.67% in 2018, while the distribution of natural grassland and arable
land with natural vegetation has increased considerably, in both cases being registered an increase of
approximately 6%. The rest of each categories within the study area have weights below 1% in both
analyzed moments, summing approximately 1.39% in 1990, respectively 1.85% in 2018.

The analysis of the spatial distribution of land use categories highlights that the changes are
more pronounced than from the quantitative one, so that there can be identified several structural
conversions between 1990 and 2018. There is a fragmentation of the plots with coniferous forests, in
the central and eastern part of the study area, on the background of the appearance of some surfaces
from the category of transitional woodland-shrub, that are deforested. On the other hand, the
expansion of a plot with coniferous forests can be observed in the northern and southwestern part of
the area, replacing deforested surfaces. Besides, it can be identified the disappearance of some
inhabited areas, especially in the proximity of the Somesul Cald River, due to the accentuated
depopulation that characterizes the settlements in the Apuseni Natural Park.

3.2. Evaluation of the forest dynamics

The analysis of deforested areas between 2001-2022, according to the data downloaded from the
Global Forest Watch (https://www.globalforestwatch.org/) shows the extensive damage of the forest
vegetation recorded at the level of the entire investigated territorial system. However, there can be
identified a series of isolated areas where significant changes have occurred (Figure 5). This has direct
consequences on the functionality and resilience of the social-ecological system, by affecting its
biological diversity and by increasing flood vulnerability for communities with housing located near
watercourses.
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Figure 5. Forest loss between 2001-2022.

The reduction of forest areas is mainly caused by abusive and illegal forest exploitation.
Nevertheless, there is information [36] that mentions other causes, associated with natural hazards
intensified due to climate change (for example, in the period 2006-2007, approximately 30% of the
total deforestation occurred on the background of a strong wind throw from 2006, which affected
over 200 000 cubic meter of spruce trees).

The northern half of the study area is the most affected by deforestation and there can be
identified hot spots with affected areas throughout the whole analyzed period. This situation is
highlighted by the increase in the fractal dimension of the plots, the high degree of landscape
fragmentation [99] and the decrease in the internal connectivity of the regional ecosystem. Besides, it
is important to mention that some areas with significant deforestation, produced in the period 2001-
2022, are located in the special conservation area of the Apuseni Natural Park, where, according to
the legislation in place, forest exploitation activities are strictly prohibited, since they have a direct
impact on basic habitats.

The analysis of the spatial distribution of virgin forests in the study area provides information
on zones with minimal anthropogenic impact, where the natural factor has imprinted the defining
characteristics of the landscape. The total area of the virgin forests in the Apuseni Natural Park is of
approximately 282 ha. These forests are located in hard-to-reach areas from the special conservation
area (Figure 6), where human anthropogenic forestry activities are prohibited. However, there have
been identified hot spots with significant areas of virgin forests affected by deforestation, that
endanger the integrity and functionality of forest ecosystems [113] and can even cause their
disappearance over time, as a result of the failure to comply with regulations regarding protected
area and violation of forestry legislation.
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Figure 6. Virgin forests from Apuseni Natural Park.

3.3. Building density and distribution by altitude

The building density in the study area provides information regarding the anthropogenic impact
and the shaping of the landscape according to the needs of the local communities. The highest
concentration of buildings is spatially identified in the south of the system, where the villages with
the highest population are located. This concentration is also associated with the highest pressure on
biodiversity and on the balance of ecological systems (Figure 7). The uneven spatial distribution of
buildings is caused by the peculiarities induced by the morphology of the mountain relief, which
determined the formation of specific settlements, characterized by households scattered on the slopes
(called “groves”), that have a high dispersion index and low territorial accessibility. Isolated areas
with a high concentration of buildings can be identified in the northeast and west, while in the special
conservation area there are few buildings, this space being mainly unaffected by human impact. The
zones without buildings occupy large areas of the analyzed system, due to the fact that this is a
protected area where the natural and semi-natural factors predominate.
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Figure 7. Building density (Kernel).

The map of building distribution by altitude highlights a series of peculiarities induced by the
conditions imposed by the configuration of the relief and the adaptability of the human factor. A
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significant surface, of about 42% of the total, is occupied by the altitude interval between 801-1100 m,
which coincides with the branched morpho-hydrographic corridors of the two most important
hydrographic courses from the study area, Aries and Somesul Cald rivers, spatially identified in the
south and northeast parts (Figure 8). The following altitude interval from the perspective of the
spatial distribution is the one between 1101-1400 m (40%), which corresponds to the settlements
located on the level tops of the slopes, being mainly extended in the center of the study area. The
highest values of this index, over 1400 m, occupy less than 1% and are located on isolated areas, in
the north, center and east of the system, being mainly characterized by the presence of buildings with
a temporary function, specific to the main economic activities in the area, respectively forestry and
animal husbandry. The lowest values of this index are mainly located in the western part of the study
area.
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Figure 8. Building distribution by altitude.

3.4. Biocultural resilience index (BRI)

Next, we will present and interpret the results obtained by applying the biocultural resilience
level assessment tool, according to the methodology described in the previous section. The map of
sustainability of multifunctional landscapes (Figure 9) shows a close-up view of the degree of
resilience and functionality of landscapes, highlighting the complex interactions between natural and
human factors and providing important guidelines for sustainable resource management and
biodiversity conservation. In this regard, spatial data processing, based on complex parameter
analysis equations, allowed the calculation of the biocultural resilience index (BRI) and the spatial
differentiation of its values into 5 categories, as following;:

a. Very low biocultural resilience - characterizes communities or ecosystems that have an
extremely low capacity to adapt to environmental changes or disturbances. This could reflect a severe
lack of resources, limited access to essential services (such as household water supply or health
services), lack/poor development of basic infrastructure and high vulnerability to natural or social
disasters. The communities in this category could be at increased risk of poverty, low quality of life
and environmental degradation, while having a low level of awareness and adaptive capacity.

b. Low biocultural resilience - indicates a limited but existing ability to adapt to various changes
and critical situations. Communities may have access to some essential resources and services, but
these may be insecure or limited in the long run. Besides, these communities are partially exposed to
various risks of moderate intensity or may face certain effects caused by the environmental impact,
such as soil degradation or decrease in biodiversity. Overall, the capacity to plan and respond to
climate or social change is low.

c. Medium biocultural resilience - it is specific to social-ecological systems that have a moderate
capacity to adapt to various disturbances and imbalances of the environment. These systems may
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have access to a diverse range of essential resources and services and can be better prepared to deal
with external pressures. The capacity for planning and cooperation among the community members
can be more developed, which allows a more effective response to change. However, there may still
be vulnerabilities and risks associated with phenomena such as climate change, environmental
degradation or loss of cultural identity that may affect the stability and functioning of these systems.

d. High biocultural resilience - expresses a significant capacity to adapt and resist environmental
changes and pressures. The communities or ecosystems that belong to this category may have access
to varied and sustainable resources, the territorial systems preserve identity structures and have an
appropriate way of resource management. They may also be able to adjust their activities in
sustainable development processes, protect the environment from risks and sustainably preserve
their resources.
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Figure 9. Map of sustainability of multifunctional landscapes in Apuseni Natural Park.

e. Very high biocultural resilience - includes the category of communities or ecosystems
characterized by reaching high levels of adaptability, functionality and sustainability. They possess
strong socio-cultural systems and traditional practices that enable them to effectively adapt to
changes and responsibly protect the environment. Moreover, they have a rich background of
biodiversity and the landscapes are characterized by the highest values of the indices of sustainability
and biocultural resilience.

4. Discussion and Conclusions

The present research proposes an analysis model of social-ecological systems from the
perspective of a new index, the biocultural resilience index (BRI), which represents a synthetic
measure of the capacity of a territorial system to adapt and respond to changes and disturbances in
the environment, especially in the context of the interactions between natural and human factors.
This index integrates a diverse range of relevant variables and indicators to the assessment of the
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sustainability of multifunctional landscapes, including ecological, social, cultural and spatial features.
By calculating this index, researchers can gain a deeper understanding of the level of biocultural
resilience of landscapes and identify areas of high vulnerability [114] or low potential for adaptation
and sustainability in the face of environmental and social changes [115,116].

The method for calculating the biocultural resilience index involves normalizing and weighting
relevant data on natural factors (such es forest distribution, biodiversity) and human factors (such as
building density, accessibility of services), followed by combining the values to calculate an
aggregated index. At the same time, the analysis also included combined sets of spatial data resulting
both from the processing of satellite images over an extended time interval, as well as based on
calculations performed through several analytical procedures in GIS environment [117-119]. Besides,
in the context of carrying out the operations necessary for the present research, spatial analysis was
also used, which allowed various quantitative comparisons under territorial aspect between all the
elements that compose the analyzed mountain system.

The multitude of the analyzed parameters (biophysical indices, socio-cultural in-dices, spatial
accessibility and connectivity indices, landscape transformation indices), along with the
heterogeneity of the quantified variables [120] and the complexity of the working techniques,
attribute a certain transdisciplinary dimension to the research carried out. From our point of view,
this aspect has a significant contribution to strengthening the applied role of profile research,
expanding the multidimensional perception of differentiated reality [121,122] and mitigating
interdisciplinary asperities.

The biocultural resilience index (BRI) provides a measure of the ability of landscapes to adapt
and resist change, providing essential information for sustainable resource management and
biodiversity conservation. By using this index, we can provide a conceptual and practical framework
for protecting and preserving biodiversity and the ecological and social functions of landscapes. By
assessing the biocultural resilience, the ability of landscapes to adapt to anthropogenic and natural
changes and pressures can be identified, thus contributing to the development of appropriate
strategies and actions for the conservation and sustainable management of natural and cultural
resources. Moreover, biocultural resilience can provide guidance for promoting sustainable
development that balances the social, economic and ecological needs of local communities, helping
to maintain the health [123] and stability of ecosystems and the quality of human life [124,125] within
multifunctional landscapes.

Observing the changes over time within the landscapes and communities in the analyzed
territory, we note that the need to protect and preserve areas of high ecological value is crucial for
maintaining the resilience and functioning of multifunctional landscapes. These areas are key
elements in the assessment of territorial sustainability and in ensuring biodiversity, contributing
significantly to the ability of ecological systems to adapt to environmental and social changes. By
monitoring and preserving them properly, the ecosystem services provided by these landscapes can
be protected and enhanced, thus ensuring the prosperity and well-being of human communities and
the environment.

In front of increasing pressures generated by urbanization, climate change and the excessive
exploitation of natural resources, the sustainability of landscapes has become an urgent priority for
their durable management and for protecting the benefits they offer to society.

A fragmented approach that targets only ecological [126-129] or cultural features is insufficient
to reflect the degree of complexity and interconnection of these multifunctional landscapes. Thus,
there is an urgent need for tools and methods that integrate these aspects into a unique and
comprehensive analytical framework.

The evaluation of sustainability of multifunctional landscapes by using the biocultural resilience
index (BRI) is useful in identifying discrete relationships or anticipating the vulnerability of social-
ecological and territorial systems, helping to make more informed decisions and to develop more
effective strategies in various fields of application.
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5. Future Research Trends

The BRI catalyzes interdisciplinary exploration, encouraging advancements in region-specific
adaptations, longitudinal resilience assessments [130], policy integration [130], and technological
enhancements for comprehensive landscape sustainability analyses.

6. Methodological Limitations

The effectiveness of the BRI is contingent on high-quality, multi-dimensional data, with
challenges including subjective weight allocations, the necessity for high-resolution spatial-temporal
data, and the intricacies of integrating diverse disciplinary insights into its framework.
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